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ABSTRACT 
In this study, the surface-to-surface radiation model 
of the Fluent CFD code is used to investigate the 
response of a fibrous material to the radiative heat 
transfer. The unsteady state heat transfer equation is 
solved for the temperature and heat flux in and 
around the fibers that constitute a nonwoven fibrous 
material. For a fixed fiber diameter, it was shown that 
the higher the fabric’s Solid Volume Fraction (SVF), 
the slower is the material’s average temperature rise. 
Our simulation results also indicate that for a fixed 
SVF, fiber diameter has a negligible influence on the 
unsteady transfer of heat through the media. Of 
particular interest in this paper is the effect of 
material’s thickness on the heat penetration. It is 
shown that the transient heat transfer exponentially 
decreases by increasing the material’s thickness for 
fixed SVFs and fiber diameters. The above finding is 
also in agreement with our experimental study. 
 
INTRODUCTION 
Radiative heat transfer through fibrous media has 
been an area of interest for many years due to the 
aggressive growth of such materials in thermal 
insulation applications. Nonwovens are fibrous 
materials that are manufactured in different weights 
and structures, and their widespread use is due to 
their cost-effective methods of manufacturing. 
Examples range from the low-cost fiber batting 
materials that are typically used for insulation in 
residential buildings to the more sophisticated and 
expensive composite materials used in aerospace.  
 
Most fibrous insulation materials work by lowering 
the conduction and convection heat transfer, but 
because of their extensive available surface area, they 
are not as efficient in suppressing the radiative heat 
loss. Radiation can be a considerable mode of heat 
transfer through high-porosity fiber thermal 
insulations even at temperatures above a few hundred 
Kelvin.  
 
The early radiation studies were based on semi-
empirical approaches of curve fitting to experimental 
data, which therefore, have limited applicability in 
analyzing insulations of different compositions [1-
14]. 
 
The objective of the current study is to examine a 
different approach to study radiative heat transfer in 
fibrous media.  In this approach, we use the recently 
developed and implemented surface-to-surface 
radiation model of the Fluent CFD code to develop a 
better understanding of the role of fiber diameter, 
Solid Volume Fractions (SVF) and the material’s 
thickness in suppressing the radiative heat transfer. 
This work is aimed at providing useful guidelines for 
product design and development. We outline the 
surface-to-surface radiation model of Fluent in the 
next section and present our simulation domain and 
boundary conditions in section 3. Section 4 describes 
our experimental setup. Simulation and experimental 
results are presented in section 5 followed by the 
conclusion in section 6.  
 
MODELING RADIATIVE HEAT TRANSFER 
INSIDE FIBROUS MEDIA 
Surface-to-surface model presents a method to obtain 
the intensity field of radiation exchange in an 
enclosure of gray-diffuse surfaces. The energy 
exchange between two surfaces depends on their size, 
separation distance, and orientation. These 
parameters are accounted for by the so-called view 
factor. The amount of incident energy upon a surface 
from another surface is a direct function of the 
surface-to-surface view factor, Fjk. The view factor, 
Fjk is the fraction of energy leaving surface k that is 
incident on surface j. The incident energy flux    k in q ,
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N
j
j k in k F q A q A ,
1
, ∑
=
=       (1) 
where   is the area of surface k and   is the 
view factor between surface k and j (N is the number 
of surfaces). The main assumption in surface-to-
surface model is that the exchange of radiative 
energy between the surfaces is unaffected by the 
medium that separates them.  
k A jk F
 
Fluent uses the gray-diffuse model and assumes that 
if a certain amount of radiant energy (E) is incident 
on a surface, a fraction (ρ E) is reflected, a fraction 
(α E) is absorbed, and a fraction (τ E) is transmitted. 
Fluent also assumes that the heat transfer surfaces are 
opaque to thermal radiation. The transmissivity, 
therefore, can be neglected. The reflected energy flux 
is dependent on the incident energy flux from the 
surroundings, which then can be expressed in terms 
of the energy flux leaving all other surfaces. Fluent 
uses the following equation for the energy reflected 
from surface k:  
 
k in k k k out q T q , ,
4 ρ σ ε + =       (2) 
 
where   is the energy flux leaving the surface,  k out q ,
k ε is the emissivity, σ is the Boltzmann’s constant 
and   is the energy flux incident on the surface 
from the surroundings. In another form of the 
aforementioned equation, Fluent utilizes the radiosity 
J equation. The total energy given off a surface k is 
given by: 
k in, q
 
j
N
j
kj k k J F E J ∑
=
+ =
1
ρ       (3) 
where Ek represents the emissive power of surface k. 
To reduce the computational expense, time and 
storage requirements when a large number of 
radiating surfaces exist, Fluent applies a clustering 
technique (see Fluent’s Manual for detailed 
information). 
 
NUMERICAL SIMULATION  
Nonwoven mats are 3-D layered structures. Such 
structures consist of a large number of fibers 
randomly distributed in a horizontal plane and 
sequentially deposited on top of each others to build 
3-D layered geometries. Since this study is focused 
only on the radiative heat transfer through the 
material’s thickness, we conduct our simulations in 
2-D geometries representing the media’s cross 
section to reduce the calculation’s CPU time.  
 
 
 
 
FIGURE 1. An example of the 2-D fibrous media considered for 
this study. Fibers and the interstitial spaces are treated as solid and 
fluid zones, respectively. The tetrahedral cells and their 
distribution are shown in the enlarged figure. 
 
 
In our model (see Figure 1), fibers are modeled with 
circles arranged inside a domain representing the 
thickness of the fibrous mats. Boundary conditions 
considered in the simulations are as follows: the top 
and bottom boundaries are considered to be walls 
with constant temperatures. The top wall will serve as 
the heat source (at 500K), while the bottom wall and 
the fibers are heat sinks (300K). The top wall 
temperature was intentionally chosen to be lower 
than the fibers (polyester) melting point (around 
533K). The emissivity of all boundaries is set to 1. 
The medium is assumed to be filled with air with an 
incompressible-ideal-gas density. Solid phase (fibers) 
is considered to be Polyester with a density of 1540 
kg/m
3, heat capacity of 2000 j/kg-k and thermal 
conductivity of 0.25 w/m-k. 
 
An unsteady state model has been adopted for this 
study. The finite volume method  implemented in 
Fluent code is used to solve the energy equation. 
Note that the energy equation is the only governing 
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FIGURE 2. Temperature contours at different times of t = 25, 190, 
and 1190 ms, here SVF=10%, fiber diameter =20µm, and fiber 
conductivity = 0.25W/m-k. 
 
 
The 2-D geometries used in this study are created by 
arranging the fibers in a staggered fashion that is 
dependent on the solid volume fraction (SVF) and 
fiber diameter. Obviously, more fibers are created 
when the fiber diameter is smaller at a fixed SVF.  
 
Gambit, a preprocessor for Fluent code, is used in 
this work for meshing the 2-D geometries. The fibers 
perimeters were meshed using a specific grid interval 
and the 2-D domains were meshed with tetrahedral 
elements. Depending on the fiber diameter and SVF 
of the mat, different cell counts ranging from 50,000 
to 110,000 were considered for the simulations. At a 
fixed SVF, for instance, more cells are required for 
the smaller fiber diameters to ensure the accuracy of 
the calculations. Figure 1 shows the mesh 
distribution in a medium with a SVF of 10%, and a 
fiber diameter of 20µm (see section 5 for more 
details).  
 
Figure 2 shows an example of the resulting 
temperature contours at different times for a medium 
with a fiber diameter of 20µm and a SVF of 10%. 
Note the temperature rise of the layers closer to the 
heat source.  
 
EXPERIMENTAL SETUP 
A schematic of the experimental setup is shown in 
Figure 3. Different nonwoven mats were exposed to 
a radiative heat source and temperature profile 
images were taken from the materials’ side facing 
away from the heat source using a radiometric 
camera. The IR camera model ExplorIR by Raytheon 
Inc. was equipped with a delta meter and electronic 
zoom providing 2X and 4X magnification. The 
camera can record the temperature along any 
arbitrary line through the material’s thermal image 
and calculate an average temperature as shown in 
Figure 4. 
 
 
 
FIGURE 3. The experimental setup (a) and the heat source (b) 
used in this investigation. 
 
 
Optical microscopy and SEM images were used to 
measure the fiber diameters in the materials tested 
(30 readings for each averaged diameter). Also 
measured was the material’s basis weight (grams per 
square meter) according to the ASTM D-5261 
standard. The mats thicknesses were also measured 
according to the ASTM D-1777 standard. Table I is a 
list of the samples considered in this research and 
their measured properties. 
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FIGURE 4. An example of thermal images obtained by our IR 
camera. An example of the line profiles used for recording the 
minimum, maximum and average temperatures is also shown. 
 
 
TABLE I. Material Properties. 
 
 
 
 
RESULTS & DISCUSSION 
In this study, different fiber diameters of 20, 25, 30, 
35 and 40µm and SVFs of 5, 10 and 15% were 
considered. The influence of each of these parameters 
is studied, while keeping the other parameters 
constant. In order to obtain accurate results from a 
numerical simulation, it is important to ensure that 
the results are mesh-independent. Therefore, a typical 
simulation domain with a SVF of 10% and fiber 
diameter of 20µm was meshed with different mesh 
counts, and the effect of mesh density on the average 
fiber temperature was recorded. Figure5a shows an 
example of the temperature distribution among and 
within the fibers. Average fiber temperatures are 
calculated by averaging the cell’s temperature over 
the entire fibers in the domain. The number of mesh 
points on the perimeter of the fibers was increased to 
a mesh-independent mesh count as shown in Figure 
5b. Note that, we also increased the number of mesh 
points on the edges of the simulation domain with the 
same proportion to control the skewness of the cells.  
It can be seen that the results are almost mesh-
independent for mesh densities greater than 18 per 
fiber. Simulations presented in this study were 
conducted on domains with more than 20 mesh 
points per fiber.  
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FIGURE 5. Influence of the mesh density on the average fibers 
temperature, here SVF = 10%, t = 0.4 seconds, fiber diameter = 20 
µm.  
 
 
Figure 6 shows the influence of fiber diameter on the 
average fiber temperature for three different SVFs of 
5, 10, and 15 percent. The simulation results indicate 
that fiber diameter has no significant effect on the 
average temperature. Figure 7 shows our simulation 
results of fibers’ average temperature as a function of 
time for fabrics of different SVFs. Here the fiber 
diameter and its conductivity are 20µm and 10%, 
respectively. It can be seen that the average fiber 
temperature increases as the SVF of the fabric 
decreases. This is due to the fact that low-SVF 
fabrics have less mass and so their temperature rises 
faster. In other words, it is easier for the heat to go 
through a low-SVF fabric as is also shown 
experimentally in Figure 8 with fabrics of different 
SVFs.  300
310
320
330
340
350
360
370
380
390
400
20 25 30 35 40
Fiber Diameter (micrometer)
T
e
m
p
e
r
a
t
u
r
e
 
(
K
)
SVF = 5%
SVF = 10% 
SVF = 15%
 
 
FIGURE 6. Average fibers temperature of fabrics with different 
fiber diameters at different SVFs of 5, 10 and 15%. Here fiber 
conductivity = 0.25 w/m-k and t = 0.8 sec. 
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FIGURE 7. Average fibers temperature versus time for fabrics 
with different SVFs of 5, 10 and 15%, Here fiber conductivity = 
0.25 w/m-k and fiber diameter = 25µm. 
 
 
Thickness is an important parameter that has always 
been associated with thermal insulation attributes of a 
material.  Figure 9 depicts the relation between 
average fiber temperature and the mat’s thickness. 
Different sample thicknesses were considered at a 
fixed SVF of 5%, fiber diameter of 20µm and 
conductivity of 0.25 W/m-k. It can be seen that the 
average fabric temperature decreases as the thickness 
increases. Temperature values are normalized with 
Tmax. Following the work of Xu et al. [15], we fit an 
exponential function to our normalized simulation 
data to obtain: 
 
* 25 . 0 * 1 . 1
x e T
− =      (4) 
 
where 
* T  is the normalized average fiber 
temperature and x* is the normalized thickness. 
 
In order to verify the above thickness effect, an 
experimental study was conducted with a fabric 
having a SVF of 8%. Multiple plies of this fabric 
where considered to study the effect of thickness on 
the heat transfer rate at a constant SVF. Temperature 
was recorded at t = 3 seconds.  
 
As it can be seen in Figure 10, normalized 
temperature decreases with increasing the fabric’s 
thickness. An exponential curve fit results: 
 
* 47 . 0 * 99 . 0
x e T
− =     (5) 
 
Comparing equations 4 and 5, one can observe close 
agreements between our simulations and 
experimental data. The slight differences in the 
coefficients of the above correlations are most likely 
due the experimental sample having a slightly larger 
SVF (i.e., 8%) than those considered in the 
simulations (i.e., 5%). 
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FIGURE 8. Average temperature of PP and PET fabrics with 
different SVFs in transient and steady states. 
 
 
Journal of Engineered Fibers and Fabrics  13  http://www.jeffjournal.org 
Volume 4, Issue 1 – 2009 – Special Issue: MODELING 0.75
0.80
0.85
0.90
0.95
1.00
1.05
0.46 0.59 0.73 0.86 1.00
Normalized Thickness
N
o
r
m
a
l
i
z
e
d
 
T
e
m
p
e
r
a
t
u
r
e t = 0.2 seconds
t = 0.4 seconds
t = 0.6 seconds
t = 0.8 seconds
t = 1 seconds
t = 1.2 seconds
 
 
FIGURE 9. Normalized average fiber temperature versus 
material’s normalized thickness at different times. Here SVF=5% 
and fiber diameter =30µm. 
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FIGURE 10. Normalized fabrics temperature versus the 
normalized thickness. Here SVF = 8% and fiber diameter of 20µm. 
The temperatures were recorded at t = 3 sec after the exposure to 
500K heat source. 
 
 
CONCLUSION 
This work examines the feasibility of a new approach 
for studying radiative heat transfer in fibrous media. 
In this approach, the recently developed surface-to-
surface radiation model is considered for studying the 
role of fiber diameter, Solid Volume Fractions (SVF) 
and the material’s thickness in suppressing the 
radiative heat transfer. The simulation results, in part, 
are compared with experiment and reasonably good 
agreements were observed. In particular, it was 
shown that for a fixed fiber diameter, increasing the 
SVF, reduces the transient rate of heat transfer 
through the material. Our simulation results also 
indicate that for a fixed SVF, fiber diameter has a 
negligible influence on the unsteady transfer of heat 
through the media. Our simulations in agreement 
with experiment indicate that heat transfer through 
the media exponentially decreases by increasing the 
material thickness for fixed SVFs and fiber 
diameters.  
 
REFERENCES 
[1]  Verschoor, J.D., Greebler, P., 1952. Heat 
transfer by gas conduction and radiation in 
fibrous insulation. Transactions of the 
American Society of Mechanical Engineers 74 
(6), 961-968. 
[2]  Hager, N.E., Steere, R.C., 1967. Radiant heat 
transfer in fibrous thermal insulation. Journal 
of Applied Physics 38 (10), 4663-4668. 
[3]  Bankvall, C.G., 1973. Heat transfer in fibrous 
materials. Journal of Testing and Evaluation 1 
(3), 235-243. 
[4]  Linford, R.M.F., Schmitt, R.J., Hughes, T.A., 
1974. Radiative contribution to the thermal 
conductivity of fibrous insulations. Heat 
Transmission Measurements in Thermal 
Insulations, special publication 544, American 
Society for Testing and Materials, 
Philadelphia, 68-84. 
[5]  Pelanne, C.M., 1980. Heat flow principles in 
thermal insulations. Journal of Thermal 
Insulation 4 (1), 27-44. 
[6]  Larkin, B.K., Churchill, S.W., 1959. Heat 
transfer by radiation through porous 
insulations. Journal of the American Institute 
of Chemical Engineers 5 (4), 467-474. 
[7]  Hottel, H.C., Sarofim, A.F., 1967. Radiative 
Transfer, McGraw-Hill, NY, 378-436. 
[8]  Tong, T.W., Tien, C.L., 1980. Analytical 
models for thermal radiation in fibrous media. 
Journal of Thermal Insulation 4, 27-44. 
[9]  Tong, T.W., Tien, C.L., 1983. Radiative heat 
transfer in fibrous insulations parts I: analytical 
study. Journal of Heat Transfer 105 (1), 70-75. 
[10]  Tong, T.W., Yang, Q.S., 1983. Radiative 
transfer in fibrous insulations – part 2: 
experimental study. Journal of Heat Transfer 
105 (1), 76-81. 
[11]  Tong, T.W., Swathi, P.S., Cunnington, G.R., 
1989. Reduction of radiative heat transfer in 
thermal insulations by use of dielectric coated 
fibers. International Communications in Heat 
and Mass Transfer 16 (6), 851-860. 
Journal of Engineered Fibers and Fabrics  14  http://www.jeffjournal.org 
Volume 4, Issue 1 – 2009 – Special Issue: MODELING Journal of Engineered Fibers and Fabrics  15  http://www.jeffjournal.org 
Volume 4, Issue 1 – 2009 – Special Issue: MODELING 
[12]  Mathes, R., Blumenberg, J., Keller, K. 1990. 
Radiative heat transfer in insulations with 
random fiber orientation. International Journal 
of Heat and Mass Transfer 33 (4), 767-770. 
[13]  Stark, C., Fricke, J. 1993. Improved heat-
transfer models for fibrous insulations. 
International Journal of Heat and Mass 
Transfer 36 (3), 617-625. 
[14]  Dombrovsky, L.A., 1996. Quartz-fiber thermal 
insulation: infrared radiative properties and 
calculation of radiative-conductive heat 
transfer. Journal of Heat Transfer 118 (2), 408-
414. 
[15]  Xu, W., Shyr, T., Mu, Y, 2007. Textiles 
properties in the infrared irradiation. Textile 
Research Journal 77 (7), 513-519. 
 
AUTHORS’ ADDRESSES 
 
Imad Qashou 
Fiberweb, Inc. 
70 Old Hickory Blvd. 
Old Hickory, TN 37138 
USA 
 
Hooman Vahedi Tafreshi 
Mechanical Engineering Department 
Virginia Commonwealth University 
Richmond, VA 23284-3015 
USA 
 
Behnam Pourdeyhimi 
Nonwovens Cooperative Research Center  
NC State University 
Raleigh, NC 27695-8301 
USA 
 